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Spinmotive force induced by domain wall motion in perpendicularly magnetized nanowires is
numerically demonstrated. We show that using nanowires with large magnetic anisotropy can lead
to a high stability of spinmotive force under strong magnetic fields. We observe spinmotive force
in the order of tens of µV in a multilayered Co/Ni nanowire and in the order of several hundred
µV in a L10-ordered FePt nanowire; the latter is two orders of magnitude greater than that in
permalloy nanowires reported previously. The narrow structure and low mobility of a domain wall
under magnetic fields in perpendicularly magnetized nanowires permits downsizing of spinmotive
force devices.
The mutual interaction between spin current and
magnetization is a key phenomenon in the field of
spintronics[1]. Spin current induces magnetization dy-
namics, i.e., spin-transfer-torque[2–5], which has been
extensively studied through current-induced domain wall
(DW) motion, primarily in permalloy (NiFe) nanowires
with in-plane magnetization[6–10]. Recently, it has been
reported experimentally[11, 12] and theoretically[13, 14]
that nanowires with perpendicular magnetic anisotropy
(PMA) are more favorable for spin-transfer-torque de-
vices because they exhibit DW motion at a lower thresh-
old current. On the other hand, the same interaction
mediates energy-transfer from magnetization into con-
duction electrons, i.e., spinmotive force (SMF)[15]. Like
the spin-transfer-torque[16] and other spin-related elec-
tromotive forces[17, 18], SMF offers a promising func-
tionality for future spintronic devices; e.g., it can be used
to read out magnetic information[19]. SMF has been pri-
marily demonstrated in NiFe[20–25], and only few reports
have demonstrated SMF in PMAmaterials[26]. However,
the soft magnetic properties of NiFe could occasionally
be a major disadvantage for an SMF demonstration; cer-
tain magnetization structures are easily disturbed by a
strong magnetic field, leading to an increased instability
in SMF signals. Therefore, SMF induced by DW motion
in NiFe nanowires is limited to a few µV[20, 25].
In this paper, the SMF induced by DW motion in
PMA nanowires is numerically investigated. The above-
mentioned problem in the NiFe nanowires is resolved
by using PMA nanowires, which show rigid DW mo-
tion because of their high magnetic anisotropy. It has
been shown that materials with the high PMA are effec-
tive in achieving a large SMF. We numerically observe
SMF in the order of tens of µV in a multilayered Co/Ni
nanowire and in the order of several hundred µV in a
L10-ordered FePt nanowire with the very large PMA. In
addition, the narrow structure and low mobility of a DW
in PMA nanowires are effective in downsizing of devices
using SMF.
Let us begin by assessing SMF induced by DW motion
in NiFe nanowires. It has been pointed out that SMF is
generally produced by the spin electric field[27–31];
Es = −
P~
2e
m ·
(
∂m
∂t
×∇m
)
(1)
where m is the unit vector parallel to the direction of
local magnetization of the ferromagnet, P is the aver-
age spin polarization of the conduction electrons, and e
is the elementary charge. It is required that the magne-
tization depend on both time and space. By assuming
a one-dimensional model for the DW structure and by
using Eq. (1), we find that the SMF, V , associated with
field-induced DW motion is proportional to the applied
magnetic field µ0H [20, 22, 24, 25];
V =
P~ω
e
(2)
where ω = γµ0H is the Larmor angular frequency, in
which γ is the gyromagnetic ratio and µ0 is the mag-
netic constant. Yang et al.[20] and Hayashi et al.[25] ex-
perimentally demonstrated DW-motion-induced SMF in
NiFe nanowires. NiFe has been widely used to study mag-
netization dynamics because of its extremely soft mag-
netic properties. However, such soft magnetic proper-
ties restrict the applicability of Eq. (2), which implicitly
assumes a single DW. When the applied field reaches
∼ 10 mT, the structure of the DW in the NiFe nanowires
begins to change from moment to moment, accompany-
ing multiple vortex and anti-vortex core nucleation, and
the DW behaves quite nonlinearly with respect to the
applied field[32]. Such magnetization dynamics causes
multiple spikes in the real-time observed SMF signal,
while the time-averaged voltage is still well described by
Eq. (2)[25]. As the applied field is further increased, an-
other DW is created at the end of the NiFe wire and it
propagates in the direction oppsite to that of the original
DW. The SMF is cancelled out becasue of this counter-
propagating DWmotion. Therefore, for SMF generation,
the magnetic field applied to NiFe nanowires is limited
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FIG. 1: Time averaged (a) DW velocity and (b) SMF be-
tween the wire edges for Co/Ni and FePt nanowires as a func-
tion of the magnetic field applied along the out-of-plane di-
rection. A high-field regime for the FePt nanowire is shown
in the bottom-right insets. The top-left inset in (b) shows a
schematic of the present system.
to tens of mT. Thus far, experimentally achieved SMF
has been limited to not more than a few µV[20, 25].
The above-mentioned limitation is resolved by using
PMA nanowires, which have a very rigid DW structure.
A spatially well-confined single DW structure is main-
tained until the applied magnetic field exceeds the crys-
talline anisotropic magnetic field. The critical magnetic
field µ0Hc is roughly estimated as 2Ku/MS, where Ku
andMS are the uniaxial magnetic anisotropy and the sat-
uration magnetization, respectively. In PMA nanowires,
the demonstration of SMF generated by the field-induced
DW motion is possible up to µ0Hc. Therefore, a larger
SMF is expected in materials with higher PMA.
The field-induced DW motion in PMA nanowires, mul-
tilayered Co/Ni, and L10-ordered FePt, is investigated by
numerically solving the Landau-Lifshiz-Gilbert equation
∂m
∂t
= −γm×Heff + αm×
∂m
∂t
, (3)
using the public OOMMF code[33]. Here α is the Gilbert
damping constant, and Heff is the effective magnetic
field including the external, exchange, demagnetizing,
and crystalline anisotropic fields. Material parameters
are as follows[34–36]: MS = 6.8×10
5 A/m, Ku = 4×10
5
J/m3, α = 0.02, and P = 0.6 for the Co/Ni nanowire;
MS = 1.035 × 10
6 A/m, Ku = 5 × 10
6 J/m3, α = 0.1,
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FIG. 2: Time evolution of SMF between the ends of the
Co/Ni nanowire under several magnetic fields. These signals
are almost constant in time. The angular frequencies of the
small oscillations of amplitude ∼ 0.1 µV in each signal are
twice the Larmor angular frequency, 2γµ0H .
and P = 0.4 for the FePt nanowire; and γ = 1.76× 1011
Hz/T and the exchange stiffness A = 10−11 J/m for
both nanowires. The width, length, and thickness of each
nanowire are 40 nm, 1 µm, and 4 nm, respectively. We
choose unit cell sizes of 1 × 1 × 4 nm3 for the Co/Ni
nanowire and 0.4 × 0.4 × 4 nm3 for the FePt nanowire.
Initially, a Bloch-type DW is prepared in the middle of
each nanowire. The width of the DW in Co/Ni and FePt
is approximately 10 nm and 2 nm, respectively.
Figure 1 (a) shows the DW velocity vDW [37] in each
wire as a function of the magnetic field applied along
the out-of-plane direction. A high-field regime for FePt
is shown in the bottom-right inset. Numerically ob-
served µ0Hc for Co/Ni and FePt is 0.4 and 8 T, re-
spectively, which is consistent with the estimated values
2Ku/MS = 1.17 and 9.66 T. Above µ0Hc multiple do-
mains appear and a single DW velocity can no longer be
defined. This multiple-domain regime will be discussed
in more detail elsewhere. In the Co/Ni nanowire, the
DW velocity becomes nonlinear above 0.2 T, whereas in
the FePt nanowire with a larger PMA, the DW motion
stays rigid and linear up to 8 T. The DW mobilities in
each wire agree well with the one-dimensional model[38],
vDW /H = (α+α
−1)−1γ
√
A/Ku ≃ 18, and 25 ms
−1T−1
for Co/Ni and FePt, respectively. These values are much
lower than that of NiFe nanowires, which shows DW ve-
locity of several hundred m/s with µ0H ∼ 0.01 T. This
implies that PMA nanowires of a few micrometers in
length are sufficient to demonstrate SMF induced by DW
motion, thus enabling downsizing of SMF devices. Note
that the magnitude of SMF is independent of the DW
velocity, see Eq. (2).
A measurable voltage between two given points is de-
fined as the spatial difference of the spin-independent
electric potential φ(x) between the points, calculated
from the Poisson equation ∇2φ = −∇·Es[20, 21, 24, 30].
Figure 1 (b) shows the time-averaged SMF, V , between
3the ends of the wire as a function of the magnetic field
for each wire. The top-left and bottom-right insets show
a schematic of the present system and the voltage for the
FePt nanowire in a high-field regime, respectively. These
numerical results well reproduce the analytical prediction
obtained using Eq. (2); the voltage is proportional to the
applied magnetic field µ0H , its slope is determined by
the spin polarization P , and the DW velocity is irrelevant
to its magnitude. A material with higher PMA realizes
larger SMF because of the larger critical field µ0Hc. This
is our main claim.
Next, we examine the time and spatial dependence of
SMF. Hereafter, we will focus on the Co/Ni nanowire as
the result is qualitatively similar for the FePt nanowire.
In Fig. 2, we show the time evolution of SMF in the
Co/Ni nanowire under several magnetic fields. The sig-
nals are stable, i.e., almost constant in time, because of
the rigid DW motion. This result is in contrast with
those of the NiFe nanowire, in which multiple spikes ap-
peared in the observed SMF signal[25]. We remark that
the small oscillations of amplitude ∼ 0.1 µV in the SMF
signals, shown in Fig. 2, reflect the coherent precession of
the DW[39]; the SMF is proportional to the angular fre-
quency of the magnetization around the magnetic field,
see Eq. (2), which now depends on mx and my. The
angular frequency of the coherent precession is twice the
Larmor angular frequency, 2ω = 2γµ0H .
Figure 3 (a) shows the magnetization configuration
near the DW in the Co/Ni nanowire at t = 1.5 ns and
µ0H = 0.4 T. The color code represents the out-of-plane
component of the magnetization. The DW is confined to
within a range of approximately 10 nm, even under the
motion in such a relatively large magnetic field. Figure
3 (b) shows the corresponding electric-potential profile.
The spin electric field (1), which reflects the time and spa-
tial dependent magnetization dynamics, appears only in
the vicinity of the moving DW. It can be obsserved that
the potential drop actually occurs in the narrow confine.
In summary, we have investigated the SMF caused by
field-induced DW motion in PMA nanowires. By using
PMA materials, the problem in NiFe nanowires was re-
solved; a high stability of SMF was achieved under strong
magnetic fields. Materials with a high PMA are favor-
able for achieving a large SMF. We observed SMF in the
order of tens of µV in a multilayered Co/Ni nanowire and
in the order of several hundred µV in a L10-ordered FePt
nanowire.
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FIG. 3: (a) The magnetization configuration around the DW
in the Co/Ni nanowire at t = 1.5 ns with µ0H = 0.4 T and
(b) the corresponding electric-potential distribution.
[1] Concepts in Spin Electronics, S. Maekawa (Ed.), Oxford
University Press, Oxford (2006).
[2] L. Berger, J. Appl. Phys. 55, 1954 (1984).
[3] G. Tatara and H. Kohno, Phys. Rev. Lett. 92, 086601
(2004).
[4] S. Zhang and Z. Li, Phys. Rev. Lett. 93, 127204 (2004).
[5] S. E. Barnes, S. Maekawa, Phys. Rev. Lett. 95, 107204
(2005).
[6] A. Yamaguchi, T. Ono, S. Nasu, K. Miyake, K. Mibu,
and T. Shinjo, Phys. Rev. Lett. 92, 077205 (2004).
[7] E. Saitoh, H. Miyajima, T. Yamaoka, and G. Tatara,
Nature 432, 203 (2004).
[8] M. Kla¨ui, C. A. F. Vaz, J. A. C. Bland, W. Wernsdorfer,
G. Faini, E. Cambril, L. J. Heyderman, F. Nolting, and
U. Ru¨diger, Phys. Rev. Lett. 94, 106601 (2005).
[9] G. S. D. Beach, C. Knutson, C. Nistor, M. Tsoi, and J.
L. Erskine, Phys. Rev. Lett. 97, 057203 (2006).
[10] M. Hayashi, L. Thomas, R. Moriya, C. Rettner, and S.
S. P. Parkin, Science 320, 209 (2008).
[11] D. Ravelosona, S. Mangin, J. A. Katine, E. E. Fullerton,
and B. D. Terris, Appl. Phys. Lett. 90, 072508 (2007).
[12] H. Tanigawa, T. Koyama, G. Yamada, D. Chiba, S. Ka-
sai, S. Fukami, T.Suzuki, N. Ohshima, N. Ishiwata, Y.
Nakatani, and T. Ono, Appl. Phys. Express 2, 053002
(2009).
[13] S. Fukami, T. Suzuki, N. Ohshima, K. Nagahara, and N.
Ishiwata, J. Appl. Phys. 103, 07E718 (2008).
[14] S. W. Jung, W. Kim, T. D. Lee, K. J. Lee, and H. W.
Lee, Appl. Phys. Lett. 92, 202508 (2008).
[15] S. E. Barnes and S. Maekawa, Phys. Rev. Lett. 98,
246601 (2007).
[16] S. S. P. Parkin, M. Hayashi, and L. Thomas, Science 320,
190 (2008).
[17] I. Zˇutic´, J. Fabian, and S. D. Sarma, Phys. Rev. Lett.
488, 066603 (2002).
[18] I. Zˇutic´, J. Fabian, and S. D. Sarma, Appl. Phys. Lett.
82, 221 (2003).
[19] S. E. Barnes, J. Ieda, and S. Maekawa, Appl. Phys. Lett.
89, 122507 (2006).
[20] S. A. Yang, G. S. D. Beach, C. Knutson, D. Xiao, Q.
Niu, M. Tsoi, and J. L. Erskine, Phys. Rev. Lett. 102,
067201 (2009).
[21] J. Ohe and S. Maekawa, J. Appl. Phys. 105, 07C706
(2009).
[22] Y. Yamane, J. Ieda, J. Ohe, S. E. Barnes, and S.
Maekawa, Appl. Phys. Exp. 4, 093003 (2011).
[23] Y. Yamane, K. Sasage, A. Toshu, K. Harii, J. Ohe, J.
Ieda, S. E. Barnes, E. Saitoh, and S. Maekawa, Phys.
Rev. Lett. 107, 236602 (2011).
[24] M. E. Lucassen, G. C. F. L. Kruis, R. Lavrijsen, H. J. M.
Swagten, B. Koopmans, and R. A. Duine, Phys. Rev. B
84, 014414 (2011).
[25] M. Hayashi, J. Ieda, Y. Yamane, J. Ohe, Y. Takahashi,
S. Mitani, and S. Maekawa, to be published in Phys. Rev.
Lett.
[26] E. Martinez, L. Torres, and L. Lopez-Diaz, Phys. Rev. B
83, 174444 (2011)
[27] G. E. Volovik, J. Phys. C 20, L83 (1987).
[28] R. A. Duine, Phys. Rev. B 77, 014409 (2008).
[29] Y. Tserkovnyak and M. Mecklenburg, Phys. Rev. B 77,
134407 (2008).
[30] Y. Yamane, J. Ieda, J. Ohe, S. E. Barnes, and S.
Maekawa, J. Appl. Phys. 109, 07C735 (2011).
[31] J. Shibata and H. Kohno, Phys. Rev. B 84, 184408
(2011).
[32] M. Hayashi, S. Kasai, and S. Mitani, Appl. Phys. Exp.
3, 113004 (2010).
[33] http://math.nist.gov/oommf/
[34] T. Koyama, D. Chiba, K. Ueda, H. Tanigawa, S. Fukami,
T. Suzuki, N. Ohshima, N. Ishiwata, Y. Nakatani, and
T. Ono, Appl. Phys. Lett. 98, 192509 (2011).
[35] T. Seki, S. Mitani, and K. Takanashi, Phys. Rev. B 77,
214414 (2008).
[36] T. Jordan, J. P. Attane´, F. Lanc¸on, C. Beigne´, L. Vila,
and A. Marty, J. Mag. Mag. Mat. 321, 2187 (2009).
[37] The DW velocity is defined as d/t m/s, where d is the
distance that the DW center travels over the time t = 3
ns. Since the DW is now narrow enough, the DW center
is clearly defined.
[38] A. P. Malozemoff and J. C. Slonczewski, Magnetic Do-
main Walls in Bubble Materials, Academic Press, New
York, (1979).
[39] M. Hayashi, L. Thomas, C. Rettner, R. Moriya, and S.
S. Parkin, Nature Physics, 3, 21 (2007).
